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ABSTRACT
Fusarium fujikuroi which was originally studied in Japan is a pathogen of bakanae disease of rice. The disease was
recorded in almost all countries where rice is grown commercially, including Malaysia and Indonesia. A total of
79 strains of F. fujikuroi were isolated from rice plants showing typical bakanae symptoms from major granary
areas in Malaysia and Indonesia. They were identified using morphological characteristics for species delimitation.
The objective of this study was to investigate genetic diversity of the F. fujikuroi strains by generating nitrate non-
utilizing (nit) mutants, followed by phenotyping on diagnostic media, and pairing the mutants on minimal media
(MM). About 96.2% of the strains were identified as heterokaryon self-compatible (HSC) based on their ability
to form a stable heterokaryon while the remaining 3.8% of the strains were classified as heterokaryon self-
incompatible (HSI) based on their inability to form a heterokaryon, even after repeated attempts. Those HSC
strains that paired by producing robust growth were classified in the same vegetative compatibility group (VCG).
The bakanae strains of F. fujikuroi were grouped into 26 VCGs; the largest group was VCG A01 which comprised
of 23 strains. Out of 26 VCGs, 12 VCGs contained more than one strain member, and 14 VCGs were represented
by a single strain and were not compatible with other strains. The ratio of VCGs to strains of F. fujikuroi in these
samples was 0.29. The strains of F. fujikuroi that caused bakanae disease of rice in Malaysia and Indonesia are
genetically diverse based on their multiple VCGs.
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Frequently, the strains in the same VCG have
similarity in genetic characteristics; the strains
usually share more traits than strains in different
VCGs (Leslie, 1993).
Stable heterokaryons in Fusarium were
generated, first by inducing complementary
nitrate non-utilizing (nit) mutants, which
practically used to force heterokaryosis and
subsequently to identify VCGs (Sidhu, 1986;
Klittich et al., 1986; Sunder and Satyavir, 1998).
Several classes of nit mutants e.g. chlorate
resistant nitrate utilizing (crn), nit1, nit3 and
NitM can be distinguished based on differential
growth on phenotyping media containing
different nitrogenous compounds as the sole
INTRODUCTION
Vegetative compatibility (VC) also known as
heterokaryon compatibility, is another useful tool
for identifying fungi and it also reveals the genetic
diversity of several fungal genera, including
Fusarium (Leslie, 1996). VC happens when
hyphae of two strains are anastomosed and fused
to form a stable heterokaryon and those strains
are therefore classified in the same vegetative
compatibility group (VCG) (Leslie, 1993), while
those that cannot form such heterokaryons are
vegetatively incompatible and are therefore
grouped in different VCGs. The strains are
vegetatively compatible if they have the same
allele at each and every incompatible locus.
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source of nitrogen such as hypoxanthine (HX),
ammonium tartrate (NH4), natrium nitrate
(NaNO3) and natrium nitrite (NaNO2) (Correll
et al., 1987). Heterokayon formation is a complex
process that depends on more than just the
capability of the strains to complement each
other physiologically. Strains that are unable to
form heterokaryon, including even between
mutants derived from the same strain have been
identified as heterokaryon self-incompatible
(HSI), but if stable heterokaryons are formed,
the strains are determined as heterokaryon self-
compatible (HSC). The process is accomplished
by pairing distinct nit mutants from different
strains in order to classify the strains into VCG.
Several researchers have used VC test to
determine the genetic diversity of F. graminearum
(McCallum et al., 2004), F. moniliforme (Puhalla
and Spieth, 1985,; Klittich et al., 1986; Sunder
and Satyavir, 1998), F. proliferatum (Elmer, 1991;
Elmer et al., 1999), F. subglutinans (Zheng and
Ploetz, 2002) and F. verticillioides (Chulze et al.,
2000). The objectives of this study were to
investigate the genetic diversity of F. fujikuroi
strains that were isolated from bakanae disease
of rice and to classify the strains into VCGs.
MATERIALS AND METHODS
Fusarium Strains
A total of 79 strains of F. fujikuroi were isolated
from bakanae-infected rice from major granary
areas in Malaysia and Indonesia. All strains were
purified through sub-culturing of single conidia
and identified by using morphological
characteristics following Burgess et al. (1994)
before starting the nit mutant’s generation.
Generation of Chlorate Resistant Sectors (CRSs) and
Nit Mutants
Pure cultures of the strains were placed on a
complete medium (CM; Correll et al., 1987) for
generation of actively growing colonies with a
dense fungal growth. Preliminary studies on
concentrations of chlorate in media i.e. minimal
medium (MM) and potatoes dextrose agar (PDA)
amended with 1.5%, 2.0%, 2.5% and 3.0% of
KClO3, hence designated as MMC and PDC
respectively, were done earlier. The results
indicated that 2.5% of KClO3 concentration was
selected as the optimum concentration for
generation of CRSs. Plates of MMC and PDC
containing 2.5% of KClO3 were inoculated with
2 mm2 mycelial discs taken from an actively
growing colony and incubated under standard
growth conditions (Salleh and Sulaiman, 1984).
The colonies began to produce CRSs that
appeared like sectors or fans after 7 days. The
individual sectors from each colony was
transferred to slant agar of MM containing
NaNO3 as the sole of nitrogen and incubated as
above (Puhalla, 1985). Sectors that produced
thin growth on MM were selected and considered
to be nit mutants as they could not reduce
nitrate present in the medium and subsequently
kept at 4°C for phenotyping. Those that grew
densely as wild type or reverted cultures were
discarded.
Phenotyping of Nit Mutants
The physiological phenotyping of nit mutants
were interpreted by their growth on MM that
was modified by replacing NaNO3 with NaNO2
(0.5 gL-1), hypoxanthine (0.2 gL-1) or ammonium
tartrate (1.0 gL-1). The plates were incubated in
complete darkness and colony growth was scored
after 4 days of incubation. The colony growth of
nit mutants on these nitrogen sources was
recorded for identification of mutants as nit1,
nit3 or NitM following Klittich and Leslie (1988)
(Fig. 1; Table 1). The mutants that grew
vigorously on MM were either reverted, wild-
type, mixed or crn and these cultures were
discarded.
Pairing of Complementary Nit Mutants
Pairings of complementary nit mutants were
made on MM following a procedure described
by Leslie (1993). All inoculated plates were
incubated at room temperature in complete
darkness and the pairing results were recorded
after 7 - 21 days. The strain was classified either
HSC that formed heterokaryon (robust growth)
or HSI when the nit mutants were unable to
form heterokaryon (only thin growth at
intersection of the colonies) at the line of contact
between the mutants. Only nit mutants of HSC
strains obtained from different parents were
paired between each other. Two complementing
strains were termed vegetatively compatible and
designed as members of the same VCGs, whereas,
strains that did not complement each other
were termed vegetatively incompatible and
assigned in different VCGs. VCGs of all F. fujikuroi
strains were identified by pairing all possible
combinations of nit mutants from each strain.
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RESULTS AND DISCUSSION
Generation of Chlorate-resistant Sectors (CRSs) and
Nit Mutants
Spontaneous CRSs were recovered from all wild-
type strains of F. fujikuroi when cultured on two
media i.e. MMC and PDC containing chlorate as
a toxic analogue of nitrate. Most of CRSs grew as
thin expansive colonies with no aerial mycelium
(nit mutants) because they were unable to utilize
nitrate present in the media. The result revealed
that 2.5% KClO3 was the optimum concentration
for nit mutant’s generation. Majority of the F.
fujikuroi strains and other species tested were
insufficiently inhibited when lower or higher
Fig. 1: Growth of three nitrate non-utilizing (nit) mutant phenotypes of F. fujikuroi
strain B3132P on media with one of four different nitrogen sources
C= MM + NH4- D= MM + HX-
A= MM + NO3- B= MM + NO2-
TABLE 1
Phenotyping of nit mutants based on colony growth on media with
different nitrogen sources





None crn + + + +
Locus of nitrate reductase nit1 - + + +
Locus of pathway-specific nit3 - - + +
regulator protein
Locus of molybdenum co-factor NitM - + + -
aCarried out by Garrett and Amy (1978) and Marzluf (1981) based on analysis of mutants of Aspergillus nidulans and Neurospora
crassa
bColony growth on BM with different sources of nitrogen
+ = dense, fuzzy growth (wild-type); - = thin, transparent growth without aerial mycelium
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concentrations of KClO3 were applied. All the
nit mutants had wild-type morphology on media
containing an ammonium salt and produced
thin sparse growth on nitrate medium. The nit
mutants that produced wild-type growth on media
containing both nitrite and hypoxanthine were
classified as nit1; whereas, those with wild-type
growth on medium with hypoxanthine or nitrite
were identified as nit3 or NitM, respectively.
Chlorate has been very practical for studying
nitrate assimilation in Fusarium species (Correll
et al., 1986, 1987). Therefore, chlorate was used
to induce CRSs for compatibility test. The
number of CRSs obtained depended on the
strains and amount of chlorate in the medium
(Liu and Sundheim, 1996). Thus, the
concentration of chlorate in the medium is an
important variable. Therefore, a preliminary
study on the effect of KClO3 concentration on
generation of nit mutants was conducted. Under
normal growth condition, most fungi have the
ability to utilize nitrate as a source of nitrogen
by the internal reduction of chlorate into the
ammonium form via nitrate and nitrite reductase
(Garraway and Evan, 1984). However, the strains
were unstable when grown on media containing
chlorate and the colonies were unable to reduce
chlorate to chlorite. This type of unstable growth
on chlorate medium was previously observed in
Fusarium spp. such as F. oxysporum (Correll et al.,
1987), F. moniliforme (Klittich and Leslie, 1988),
F. poae (Lui and Sundheim, 1996) and F.
proliferatum (Elmer et al., 1999).
Nit mutants that have been generated are
usually unable to reduce chlorate to chloride
because of a lesion at one or more loci that
control reductase, thus rendering them as a
chlorate-resistance (Correll et al., 1986).
Previously, some researchers successfully recovered
nit mutants from some Fusarium species
associated with those in section Liseola i.e. F.
moniliforme (Puhalla and Spieth, 1985; Klittich et
al., 1986; Sunder and Satyavir, 1998), F.
proliferatum (Elmer, 1991; Elmer et al., 1999), F.
subglutinans (Zheng and Ploetz, 2002) and F.
verticillioides (Chulze et al., 2000). Nit mutants
have also been recovered from other Fusarium
species namely F. poae (Lui and Sundheim, 1996),
F. solani (Hawthorne and George, 1996), F.
graminearum (McCallum et al., 2004) and F.
oxysporum (Puhalla, 1984; Fernandez et al., 1994;
Vakalounakis and Fragkiadakis, 1999; Katan,
1999; Katan and Katan, 1999; Mes et al., 1999)
and other fungus, including Colletotrichum
acutatum (Freeman et al., 2000), Neurospora crassa
(Marzluf, 1981), Aspergillus flavus (Papa, 1986)
and Verticillium albo-atrum (Gordon et al., 1986).
In this study, complementary nit mutants
recovered from each strain were categorized
into one of the several phenotypic classes by
their relative growth on phenotyping media
containing different nitrogen sources. These
classes of nit mutants presumably reflect
mutations at a nitrate reductase structural locus
(nit1); a nitrate assimilation pathway-specific
regulatory locus (nit3), and the loci (at least
five) that affect the assembly of a molybdenum-
containing cofactor necessary for nitrate
reductase activity (NitM) (Klittich et al., 1986).
Some chlorate-resistant mutants, however,
reverted to wild-type growth (dense growth);
these mutants were classified as crn mutants.
Complementation Test
The complementation occurred more rapidly
and subsequent growth of the resulting
heterokaryon was more robust in the pairings
between NitM and nit1 or NitM and nit3 mutants
than those between nit1 and nit3 mutants, which
usually formed weak heterokaryons. Results from
this study showed that seventy-six strains (96.2%)
were classified as HSC (Fig. 2A; Table 2). Majority
of the strains from the same location were
classified in the same group of VCG; e.g. most
strains from Kuala Selangor were grouped in
VCG A01, all strains from Melaka were in VCG
A07 and all Indonesian strains were in VCG A03
as well as VCG A05.
Complementation did not occur between
phenotypically distinct nit mutants from three
strains i.e. A3059P, B3111P and D0673P, where
no heterokaryon was formed as an indicator.
The lack of complementation between
phenotypically distinct nit mutants recovered
from those strains, even after repeated attempts
lead to the designation of these strains as HSI
(Fig. 2B). This lack of complementation observed
due to a different inability to anastomose among
the strains. HSI have been observed in several
strains of Fusarium species such as F. moniliforme
(Sidhu, 1986; Correll et al., 1987, 1989), F.
oxysporum (Jacobson and Gordon, 1988;
Vakalounakis and Fragkiadakis, 1999), F. solani
(Hawthorne and George, 1996), F. proliferatum
(Al-Amodi, 2006) and F. graminearum (McCallum
et al., 2004). HSI has also been observed in other
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filamentous Ascomycetes including Neurospora
crassa and Podospora anserine (Saupe, 2000) and
Aspergillus sp. (Papa, 1986). Correll et al. (1987)
suggested that HSI might be due to anomaly of
the nit mutants themselves, in the lack of
anastomosis. In addition, the lack of
complementation has also been caused by a
double mutation in some of the nit mutants
(Papa, 1986). On the other hand, Correll et al.
(1989) reported that low frequency of hyphal
fusions per mm2 on MM after they were paired
may also caused HSI. HSI strains averaged 0.2
and 1.1 hyphal fusions per mm2 compared with
6.9 and 8.1 fusions per mm2 for HSC, which
formed heterokaryon normally. Correll et al.
(1989) also reported that when HSI strains
branched less frequently, then there would be
fewer anastomosed cell formation.
From the results, twenty-six distinct VCGs
were identified among 76 strains of F. fujikuroi
(Table 2), the ratio of VCGs to strains was 0.29.
In comparison, Hsieh et al. (1977) reported 58
strains of F. moniliforme, belong to MP-C recovered
from bakanae-infected rice were assigned to 22
VCGs (ratio; 0.37). In addition, Puhalla and
Spieth (1985) recorded 12 VCGs of MP-C strains
from China and Taiwan, whereas, Sunder and
Satyavir (1998) recorded 10 VCGs for 28 strains
with a ratio of 0.36. These phenomena took
place, probably due to effects of the small
numbers and sources of Fusarium strains. The
HSC strains were classified in different VCGs
when the mutants of the strains were unable to
form heterokaryons during the compatibility test
(Fig. 2C). The multiple VCGs of F. fujikuroi
associated with bakanae disease of rice in Malaysia
and Indonesia indicated the existence of
substantial genetic diversity.
TABLE 2
Geographical location and VCGs of the 76 strains of F. fujikuroi isolated from
rice in Malaysia and Indonesia, classified as HSC
VCGs No. Strain Geographic locations Nit mutants1
nit1 nit3 NitM
VCG A01 1 B2449P Tanjong Karang, Selangor, Malaysia + - +
2 B2453P Tanjong Karang, Selangor, Malaysia + - +
3 B3092P Kuala Selangor, Selangor, Malaysia + - +
4 B3099P Kuala Selangor, Selangor, Malaysia + + +
5 B3101P Kuala Selangor, Selangor, Malaysia + + -
6 B3104P Kuala Selangor, Selangor, Malaysia + + -
7 B3106P Kuala Selangor, Selangor, Malaysia + + +
8 B3114P Kuala Selangor, Selangor, Malaysia + + -
9 B3115P Kuala Selangor, Selangor, Malaysia + + +
10 B3116P Kuala Selangor, Selangor, Malaysia + + -
11 B3117P Kuala Selangor, Selangor, Malaysia + + -
12 B3119P Kuala Selangor, Selangor, Malaysia + + +
13 B3120P Kuala Selangor, Selangor, Malaysia + - +
14 B3121P Kuala Selangor, Selangor, Malaysia + + +
15 B3122P Kuala Selangor, Selangor, Malaysia + - +
16 B3123P Kuala Selangor, Selangor, Malaysia + - +
17 B3129P Sungai Besar, Selangor, Malaysia + + +
18 B3131P Sungai Besar, Selangor, Malaysia + - +
19 B3132P Sungai Besar, Selangor, Malaysia + + +
20 B3133P Sungai Besar, Selangor, Malaysia + + -
21 B3136P Sungai Besar, Selangor, Malaysia + + +
22 B3139P Sungai Besar, Selangor, Malaysia + + -
23 B3143P Sungai Besar, Selangor, Malaysia + + +
VCG A02 24 A3066P Seberang Perak, Perak, Malaysia + + +
25 B3093P Kuala Selangor, Selangor, Malaysia + + +
26 B3094P Kuala Selangor, Selangor, Malaysia + - +
27 B3097P Kuala Selangor, Selangor, Malaysia + - +
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28 B3098P Kuala Selangor, Selangor, Malaysia + - +
29 B3109P Kuala Selangor, Selangor, Malaysia + + +
30 B3110P Kuala Selangor, Selangor, Malaysia + - +
31 D3076P Tumpat, Kelantan, Malaysia + + +
VCG A03 32 I3206P Padang, Sumatra, Indonesia + + +
33 I3209P Padang, Sumatra, Indonesia + - +
34 I3211P Padang, Sumatra, Indonesia + - +
35 I3213P Padang, Sumatra, Indonesia + + +
36 I3215P Padang, Sumatra, Indonesia + + -
VCG A04 37 B3138P Sungai Besar, Selangor, Malaysia + + -
38 B3140P Sungai Besar, Selangor, Malaysia + + +
39 B3141P Sungai Besar, Selangor, Malaysia + + +
40 B3142P Sungai Besar, Selangor, Malaysia + - +
VCG A05 41 I3207P Padang, Sumatra, Indonesia + + +
42 I3208P Padang, Sumatra, Indonesia + + +
43 I3214P Padang, Sumatra, Indonesia + + -
44 I3216P Padang, Sumatra, Indonesia + + -
VCG A06 45 K0661P Kampung Paya, Kedah, Malaysia + + +
45 K0686P Kampung Paya, Kedah, Malaysia + + +
47 K3219P Pendang, Kedah, Malaysia + + +
48 K3220P Pendang, Kedah, Malaysia + + -
VCG A07 49 M3234P Merlimau, Melaka, Malaysia + - +
50 M3235P Merlimau, Melaka, Malaysia + + +
51 M3236P Merlimau, Melaka, Malaysia + + +
52 M3237P Merlimau, Melaka, Malaysia + + +
VCG A08 53 B3102P Kuala Selangor, Selangor, Malaysia + + +
54 B3105P Kuala Selangor, Selangor, Malaysia + - +
VCG A09 55 B3127P Sungai Besar, Selangor, Malaysia + + +
56 B3128P Sungai Besar, Selangor, Malaysia + + +
VCG A10 57 C3090P Rompin, Pahang, Malaysia + + +
58 C3091P Rompin, Pahang, Malaysia + + +
VCG A11 59 P0654P Seberang Perai, Penang, Malaysia + + +
60 P0655P Seberang Perai, Penang, Malaysia + + +
VCG A12 61 T3067P Jabi, Terengganu, Malaysia + + +
62 T3068P Jabi, Terengganu, Malaysia + + +
VCG A13 63 A3052P Seberang Perak, Perak, Malaysia + + -
VCG A14 64 A3060P Seberang Perak, Perak, Malaysia + - +
VCG A15 65 B3100P Kuala Selangor, Selangor, Malaysia + + +
VCG A16 66 B3103P Kuala Selangor, Selangor, Malaysia + + +
VCG A17 67 B3107P Kuala Selangor, Selangor, Malaysia + + +
VCG A18 68 B3112P Kuala Selangor, Selangor, Malaysia + - +
VCG A19 69 B3113P Kuala Selangor, Selangor, Malaysia + + +
VCG A20 70 B3118P Kuala Selangor, Selangor, Malaysia + + +
VCG A21 71 B3130P Sungai Besar, Selangor, Malaysia + + +
VCG A22 72 B3134P Sungai Besar, Selangor, Malaysia + + -
VCG A23 73 D0674P Peringat, Kelantan, Malaysia - + +
VCG A24 74 I3422P Samarinda, Kalimantan, Indonesia + - +
VCG A25 75 K0688P Kampung Paya, Kedah, Malaysia + - +
VCG A26 76 R0621P Cuping, Perlis, Malaysia + - +
Table 2 Cont.
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